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171.0  Hz.  Transverse  resistance  between  filaments  estimated  by  four-probe  measurement  was  38  for  1  m  at  80  K. 
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Abstract 

The  large  cross-sectional  aspect  ratio  of  YBCO  coated  conductors  leads  to  a 
large  magnetization  loss  in  an  AC  transverse  magnetic  field.  In  this  work, 
the  magnetization  loss  of  a  multifilamentary  YBCO  coated  conductor  was 
studied  experimentally,  A  100  mm  length  of  striated  multililamentary 
YBCO  coated  conductor  was  prepared  where  the  conductor  and  filaments 
were  10  mm  wide  and  0.4  mm  wide,  respectively,  Striations  in  the  sample 
were  accomplished  by  laser  ablation.  The  magnetization  loss  of  this  striated 
conductor  as  well  as  a  reference  non-striated  conductor  was  measured  in  AC 
transverse  magnetic  lie  Ids  normal  to  the  conductor  at  various  frequencies. 

The  measured  magnetization  loss  of  the  300  mm  striated  conductor  was  less 
than  9%  of  the  measured  loss  of  the  sion -striated  conductor  at  f  ==  31. 3  Hz 
and  H/Hqh  =  8.8  (ffw  =  /c  / jt ujc ;  /..:  critical  current,  w^:  conductor  width). 

Even  though  the  coupling  loss  component  increases  the  magnetization  loss 
in  the  striated  conductor,  the  AC  3oss  reduction  by  striatiort  is  still  apparent 
even  at  371.0  Hz.  The  transverse  resistance  between  filaments  estimated  by 
a  four-probe  measurement  was  38  p.Q  for  I  m  at  80  K  The  coupling  length 
estimated  using  this  transverse  resistance  is  much  longer  than  ibe  sample 
length  even  at  171.0  Hz,  suggesting  [hat  the  filaments  in  the  striated 
conductor  arc  far  from  'completely  coupled"  or  'saturated* . 


1.  Introduction 

YBCO  coated  conductors  arc  being  considered  as  the 
next  generation,  or  second  generation,  high  Lemperaiure 
superconducting  (HTS)  wires  [I—' 1 1  Both  the  steady-state 
current  carrying  capacity  and  the  associated  AC  looses  of  ihc 
conductor  [  5-91  arc  important  issues  for  AC  applications  such 
as  generators,  motors,  transformers,  etc  [10].  The  AC  losses 
of  YBCO  coated  conductors  arc  of  particular  concern  due 
to  the  flat  rape  architecture  of  r  hi  s  con  due  lor,  which  results 
in  high  aspect  ratios  of  Ihc  superconducting  Layer.  Y'BCO 
coated  conductors  are  expected  to  be  4- 10  nun  wide  for  typical 

-1  Auihnr  lo  whrim  iin/  «j  me  spoil  dents  ilioutfl  be  addressed. 


applications,  whereas  (he  thickness  of  the  YBCO  layer  itself 
is  only  a  few  microns  at  most-  As  it  superconducting  thin  film, 
the  magnetization  loHKofthc  YBCO  increases  with  increasing 
width  when  exposed  to  an  applied  AC  magnetic  field  that 
is  perpendicular  to  the  film’*  surface  [II].  Aniemiya  ef  al 
112]  also  demonstrated  that  the  total  AC  loss  of  YBCO  films 
on  single  crystals,  which  carry  an  AC  transport  eurrem  in 
a  synchronous  AC  transverse  magnetic  held,  increases  with 
increasing  film  width. 

One  means  of  reducing  the  AC  loss  of  the  YBCO  coated 
conductor  is  to  bundle  and  transpose  several  narrow  widths  of 
Die  tape  together,  However,  ihis  will  entail  a  large  number  of 
very  narrow  conductor^  to  achieve  an  adequate  current  carrying 
capacity  and  require  significant  engineering  lor  fabrication, 
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Figure  1,  Shielding  current  Induced  by  transverse  magnetic  fie  Id: 
a}  when  filament*  are  complete  ly  coupled,  and  i  h;  when  they  are 
completely  decoupled. 


A  simplex  approach  is  id  -create  u  conductor  of  moderate  width 
in  which  the  YBCO  layer  consists  of  a  filamemary  structure. 
Can  ef  al  [33]  have  pmpo&ed  a  design  for  a  low  AC  loss 
YBCO  coated  conductor  by  subdividing  the  YE  CO  layer  yf 
ihe  conductor  into  narrow  filaments  and  then  twisting  the 
conductor  as  a  whole.  Cobb  ei  ai  [14]  have  demynstrulcd 
the  potential  of  this  approach  on  small  samples  in  which 
YBCO  films  were  deposited  on  LaAlG  ■.  single  crystal  substrate 
and  then  subsequently  striated  by  laser  ablation.  Indeed,  ihe 
hystcretic  loss  obtained  fiorn  the  magnetization  loops  has 
been  shown  ty  decrease  in  proportion  to  the  filament  width. 
However,  because  of  the  low  ramping  rate  of  Lbe  applied 
magnetic  field  in  these  experiments,  only  ihc  hyslcrctic  loss 
bad  been  measured.  The  coupling  losses  resulting  from  current 
flow  between  the  superconducting  fi  laments  via  tlie  resistive 
subsume  could  not  be  delected.  A  finite  resistance  between 
filaments  and  a  finite  twist  pitch  will  lead  n:>  li  frequ$ncy- 
dependent  magnetization  loss  characteristic  [15]. 

The  purpose  of  lhi&  paper  Is  to  extend  this  demonstration 
of  the  AC  loss  seduction  to  YBCO  coated  conductors  of 
multifilamentary  structure  at  various  frequencies,  The  lengdi 
of  the  sample  used  was  100  mm.  As  such.  iL  simulates  a  half 
pitch  of  a  multifilamentary  YBCO  coated  conductor  which  hus 
n  twist  pitch  of  200  mm  with  respect  to  the  shielding  current 
path  against  the  transverse  magnetic  field.  When  filaments  are 
not  decoupled,  Lhc  shielding  current  flows  across  the  transverse 
resistance  between  filaments  and  the  characteristic  length  of 
the  loop  of  the  shielding  current  is  100  mm,  as  shown  in 
figure  1(a).  When  filaments  are  completely  decoupled,  the 
shielding  current  flows  inside  each  filament,  as  shown  in 
figure  1(b).  This  choice  of  simulated  twist  pitch  is  just  an 
example,  being  largely  determined  by  the  constraints  of  the 
experimental  setup  as  opposed  m  any  particular  application. 

It  should  be  noted  that  limitations  on  the  minimum 
l wist  pitch  will  exist  for  multifilamentary  YBCO  coated 
conductors  due  to  their  widLh  and  bend  sixain  criteria. 
Even  so,  the  simulated  twist  pitch  and  variable-frequency 
measurements  enable  us  to  study  the  AC  loss  eharacLeri.si.ic 
of  multifilamentary  YBCO  coated  conductors,  which  depends 
on  die  transverse  resistance  between  filaments  The  critical 
currents  of  the  samples  were  measured  at  77  K.  and  Lbe 
transverse  resistance  between  filaments  was  measured  at 
various  temperatures  ty  ehurac&cri7,c  ihe  DC  properties  of  the 
samples  that  were  used  in  the  AC  loss  measurements.  The 
measured  magnetization  losses  were  compared  with  analytical 
and  numerical  values  for  a  thin  strip  of  superconductor  based 
on  Lbe  measured  crilical  currents 


Table  1.  SpeciUcaLicuiK  of  sample  YBCO  corned  conductors. 


Sample  NSh  Sample  STJ 


Srriation 

No 

Yes 

Width  of  conductor 

10  mm 

10  mm 

Width  of  filament 

N/A 

400 

WidLh  of  groove  between 

N/A 

L  00  u  m 

filaments 

Number  of  filament* 

N/A 

20 

Thickness  of  YBCO  layer 

1 .4  at n 

Thickness  of  silver  protective 

5.1  Jim 

layer 

B  ufler  layer 

Non -win  ducting 

(pri  marily  Y-5Z) 

Substrate 

Haatclloy 

Critical  current  /t  al  77  K. 

3  $4  ± 

?  ^  ]  10  A'  ” 

self-field 

tt  value  at  77  K.  self- field 

Nol  duLcnmined  2ldj 

''  Samples,  NS  and  !sT.  were  cut  from  a  longer  Icngfii  of  YBCO 
coated  conductor  of  non- uniform  critical  currents,  cntl  to  end  of 
1 32  A;  the  estimated  critical  current  of  sample:  ST  k  1 06  A  if  the 
cross-sectional  area  i.s  taken  into  account.  The  values  shown  in 
the  table  arc  the  measured  values  for  particular  sample  pieces. 
Alter  obtaining  [he  two  Length*,  it  turned  out  tint  ihe  I H4  A 
sample  NS  re  presents  ait  exceptionally  good  piece,  whereas 
Sfunple  ST  was  from  ;l  section  more  Lypical  of  the  overall  length- 
h  A  more  precise  value  of  the  critical  current  Of  sample  NS  could 
nol  he  determined,  because  ibe  sample  was  burned  Out  dun  ng  the 
mtasurcmcnL 

v  The  critical  current  was  determined  at  L  x  10  ;Vm  '. 
d  The  n  value  was  determined  at  2  x  Hl-*-E  x  Ifl  '  V  m  1 
c  The  average  of  value*  determined  by  two  V-f  curves  measured 
al  boLh  edge*. 

2.  Snrn|>li:  preparation  and  experimental  methods 

2.  I .  Slt‘ iaWii  ami  .'if, trttUnf  .txrj’jjpiV'.v 

Specification^  yf  the  prepared  striated  multi  I  i  lame  nlnry  sample 
and  ft  reference  nun -striated  sample  ore  listed  hi  table  1. 
Sample  NS  l&  the  non -striated  reference  sample  and  sample 
ST  is  the  striated  sample.  Both  samples  wore  pieces  of 
a  continuously  processed  YBCO  coueolI  conductor  length 
that  was  supplied,  by  Superpower,  Tnc.  The  stnations  of 
sample  ST  were  ctcjicJ  using  a  laser  ablation  technique  1 14-j. 
During  ablution,  the  si  her  protective  layer  YBCO  layer 
and  buffer  layer  were  cut  through  by  the  laser  with  parallel 
cuts.  As  a  result,  some  of  the  ablated  materials  (to  include 
substrate  material)  were  likely  redepossied  in  the  grooves 
between  the  filaments.  Redeposiiion  of  the  ablated  materials 
clearly  occurred  on  Lhc  upper  filament  edges  as  determined 
by  prolilometry  measurements,  but  was  minimal.  An  image 
of  the  whole  sample,  with  a  close-up  showing  the  filaments 
and  grooves  of  sample  ST  is  shown  in  figures  2(a)  and  (b). 
respectively, 

AC  loss  measurements  were  earned  out  with  the  I  DO  nun 
length  samples  NS  and  ST  as  well  as  a  shorter  26.5  mm  length 
comparison  sample  SI  >.  Sample  Si's  was  taken  from  the 
1 00  mm  sample  ST  after  completion  of  its  AC  loss  and  critical 
current  measurements. 

2.2.  Critical  ^uirenl  measurements 

The  cnlical  currents  of  both  samples,  ST  and  NS.  were 
measured  by  a  standard  four-probe  method  at  77  K,  self- fit: Id. 
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Figure  2.  Striated  sample:  (a)  image  -of  Ibe  whole  imsfipli;  and  (bj 
TJlitra graph  image  of  Ihe  filaments  unU  the  gruoves  between 
likiinents. 


1QD  mm 
SQ  mm 
-  SO  mm 


VdLa^  i op 


Figure  3,  Sample  ST  and  irs  voltage  laps  for  critical  current 
rnco.su  re  me  tit, 

The  distance  bet  ween  the  voltage  laps  was  either  5(J  or  3U  Jttitt. 
For  sample  ST,  the  current  Eeads  were  Soldered  at  both  ends, 
ensuring  ootiftfictiofi  to  all  filaments.  Additionally,  two  pairs  of 
voltage  taps  were  attached  to  each  edge  n  I"  the  sample,  as  shown 
in  figure  3:  each  voltage  Lap  was  attached  to  the  two  outermost 
filaments  on  each  edge  of  the  sample  due  to  soldering  size 
limitaLii  m.s .  Measurement  of  the  critical  current  was  performed 
after  the  AC  loss  measurements  Eo  avoid  any  influence  the 
soldering  might  have  on  (he  AC  loss  measurement,  Tn  the 
case,  of  the  striated  sample,  soldering  of  the  current  leads  at 
both  ends  will  definitely  affect  the  measured  AC  loss,  since 
the  solder  will  act  as  an  alternate  Interfilamenlary  current  path. 

2.5.  AC  loss  measurements 

A  schematic  view  of  the  experimental  setup  lor  AC  loss 
measurement  is  shown  in  figure  4(d)  [16],  The  emire  system 
was  cooled  in  liquid  nitrogen.  A  100  mm  long  sample  was 
p  laced  inside  the  fn  ue  of  a  dipole  magnet  that  generated  ait  AC 
transverse  magnetic  field.  The  sample  could  he  related  to  vary 
the  field  orientation,  The  magnetization  Joss  was  measured 
using  a  linked  pick-up  coil  (LPC)  [16];  a  schematic  view  of 
the  LS>C  is  shown  in  figure  4(b).  The  height  and  length  of 
one  turn  along  ill”  sample  axis,  and  the  number  of  turns,  are 
denoted  by  h.  JL,  and  iV,  respectively,  1Tie  magnetization  loss 
per  unit  lengLh  of  the  sample  pur  cycle,  (Jn-i-  ls  given  as 

/>  ~^in.  in  .mi's  , , 

Llll_  Nlf 


1 46b 
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Figure  4  Experimental  setup  for  AC  loss  measaremenrsL  a 
schematic  view  of  fa)  the  entire  selup  and  (b)  llie  linked  pick-up  coll 
(LPC). 

where  C  is  the  calibration  constant  of  the  L!3C,  is  the 
nils  of  the  applied  magnetic  field,  Vin.ia.niu  is  die  rms  of  the 
loss  component  of  the  output  voltage  of  the  LPC  measured 
by  :i  lock-in  amplifier,  and  /  is  the  frequency.  The  cross- 
sectional  dimension  and  total  length  of  (lie  LPC  used  was 
33  mm  x  33  mm  and  48  mm,  respectively.  Previous  research 
confirmed  that  C  Is  net  substantially  influenced  by  either  a 
sample  width  up  to  Id  mm  or  the  sample  orientation.  The 
value  Of  C  can  be  fised  al  2.0  for  fiiis  given  size  of  (he 
LPC  116]  when  the  sample  is  sufficiently  tong  compared  to 
the  total  length  of  the  E.FC,  In  the  ease  of  sample  STs.  which 
is  shorter  titan  the  total  length  of  die  LPC.  die  measured  loss 
was  approximated  using  a  correction  factor  based  on  the  mlio 
between  the  total  length  of  the  LPC  and  the  sample  length: 
4£l  mm/26.5  mm  =  LSI. 

[n  a  scries  of  ex  periments,  the  applied  magnetic  field  was 
normal  to  the  conductor,  Hind  die  frequencies  /'  were  varied 
from  II. 3  to  171 .0  Hz. 

2.4.  Transverse  rgsisiatice  nte-as  art1 m  enis 

Additional  samples  consisting  of  4  mm  pieces  cut  from  sample 
ST.  after  [iiaki  ng  die  AC  loss  Lind  critical  current  measuremen  Ls. 
were  used  to  determine  the  transverse  resistance  between 
filaments.  Measurement  was  accomplished  using  a  four- 
probe  itKthod.  A  schematic  of  a  sample  piece  is  shown  in 
figure  5.  The  distance  between  voltage  taps  is  4  mm,  which 
contains  eight  ti laments  and  nine  grooves  fur  the  measured 
section.  A  sample  piece  was  cooled  by  helium  gas  to  various 
temperatures,  and  10  niA  of  current  was  fed  into  the  sample 
piece  for  measurement  of  the  resistance. 
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Figure  S,  A  sample  piece  for  trimKverse  resistance  mca*urcmcnl. 
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Figure  G„  V-I  characteristics  of  s anip I e  ST, 

J.  Experimental  results  and  discussion 

3.1.  Critical  ciirt&ni 

The  measured  critical  current  /r  of  sample  NS  was  roughly 
lf!4±3  A.  A  more  precise  value  of  /c  could  not  he  determined, 
because  the  sample  was  burned  out  during  the  measurement. 
The  measured  voltage-current,  y-/?  characteristics  of  sample 
ST  substantially  depended  on  the  contact  conditions  between 
currem  Leads  and  filaments.  In  this  case,  the  measured  currents 
were  the  currents  thul  were  fed  into  the  whole  sample;  the 
cut  rent  distribution  among  filaments  was  u  nknow  n..  In  figure  6, 
the  V-I  curves  measured  at  two  edges  i  n  Lhe  firsi  measurement 
attempt  are  shown  by  squares  anti  triangles,  re  spec  lively.  With 
increasing  current,  a  sharp  increase  in  voltage  appeared  at 
edge  I  at  approximately  50  Or  60  A,  while  sue h  an  increase 
in  voltage  appeared  at  edge  '2  at  approximately  100  A.  This 
result  suggested  poor  contact  resistances  between  the  filaments 
and  eurrenl  IcswLs;  therefore,  the  soldering  between  filaments 
and  the  current  leads  was  improved  prior  to  the  second 
mcaHuiCirtuil.  hi  figure  6,  the  V-/  luiv.j-,  leu.isisred  :iL  edu.es 
S  and  2  in  the  second  measurement  are  shown  by  circles  and 
crosses,  respectively.  In  the  second  measurement,  the  V-I 
curves  measured  at  the  two  edges  were  similar  to  each  other, 
and  the  critical  currents  were  determined  to  be  106  and  1 1 3  A., 
respectively,  using  a  100  m_l  criterion  The  average  of 
these  two  values  is  t  IQ  A. 

Samples  NS  and  ST  were  cul  from  a  longer  length  of 
YBCO  coated  conductor,  but  were  not  necessarily  adjacent 
pieces.  It  is,  particularly  important  to  nolu  that  even  though 
the  end  to  end  critical  current  was  132  A.  that  particular 


length  of  coated  conductor  was  non- uni  form  in  crifical  current 
performance.  The  measured  critical  current  of  I  £4  A  of  sample 
NS  suggests  that  this  sample  represents  an  exceptionally  good 
piece  of  the  overall  length.  Based  on  the  end  to  end  of 
132  A  and  the  20%  loss  of  YBCO  cross  scciion  by  striation, 
the  fL.  of  a  striated  sample  is  estimated  so  be  1 06  A,  which  is  in 
good  agreement  with  ibe  measured  of  I  I Q  A  for  sample  ST. 
Therefore,  the  difference  between  the  measured  /  of  samples 
NS  and  Srf  does  not  necessarily  mean  any  degradation  in 
critical  current  during  laser  cultmg  nor  any  loss  of  filament 
critical  current  due  no  micrnsinucuiral  weak  Jinks. 

3.2,  AC  loss  in  the  transverse  ma&m'Sh-  jkld 

In  figure  7.  the  measured  AC  magnetization  losses  Q ™  of 
samples  NS,  ST.  and  STs  are  plotted  against  the  amplitude 
of  the  transverse  magnetic  field  where  /  =  1 1.3,  72.4, 

and  1 7  i  .0  Hz.  The  analytical  values  of  magnetization  loss 
given  by  Brandt  and  Indenbom  1 1 1 1  and  the  numerical  values 
by  one -dimensional  FEM  analysis  are.  also  plotted  in  these 
figures. 

0Cibi  is  the  analytical  value  per  unit  length  of  the 
conductor  per  cycle  for  live  non-striated  conductor  or 
completely  couplet!  striated  multifilamenlary  conductor,  and 
2  r.  bj  is  for  the  decoupled  striated  multi  (ilainent&Ty  conductor 
assuming  isolated  filaments: 

W B,=  twgj'jHg  [~\  (2) 

Qi.bi  =  |  )  n(,  (3) 

where  ivc  and  wt  arc  (he  conductor  and  filament  widths, 
respectively,  Jw  =  I,../  u.',7  and  Ji:f  =  Ic/w^tijt  (i  is  the 
thickness  of  the  YBCO  layer and %  is  the  number  of  filaments), 
Tfo:  =  Ic/rfu-'c  and  Hi:\  =  ILf7tWfnt-,  and  g(jf)  is  the  function 
gi  ven  by  equation  {4}; 

g  ( jr )  —  (2/jc)  In  cosh  x  —  tanh  .v,  (  4  ) 

0i  ei  is  the  sum  of  the  magnetization  loss  of  isolated  strip  of 
superconductor — live  influence  of  ihc  neighbouring  filaments 
is  neglected.  Mawatari  |  L7,  IS]  calculated  the  magnetization 
of  an  infinite  army  of  superconducting  strips  based  sin  ibe 
criiieul  state  i  riot  id  and  pointed  out  that  the  magnetization  loss 
of  a  strip  is  influenced  by  the  magnetization  of  neighbouring 
strips.  Therefore,  0i.lu  will  contain  an  error  especially  when 
the  magnetic  field  i*  small  1 17,  1$| 

Numerical  electromagnetic  field  analysis  by  one- 
dimensional  FEM  [  1 9]  was  made  to  estimate  the  magnetization 
loss  in  the  completely  decoupled  samples  ST  and  STs,  where 
the  influence  of  the  magnetization  of  neighbouring  filaments 
as  pointed  out  by  Mawatari  is  taken  into  account,  The  analysis 
was  made  for  an  array  of  20  infinitely  long  superconducting 
strips,  as  shown  in  figure  fr  The  superconducting  property  of 
Lhe  sam  pi  us  was  represen  ted  by  the  power  law 

£-£.(0.  (S 

where  the  experimentally  delcmnmcd  critical  current  density 
Jc  and  rc  value  were  used,  and  Eq  =  I  x  10“ 4  V  m”1.  Detail* 
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Figure  7 .  Measured  magnctizatLafi  Loss  £)m .  analy  ti cal 
magnetization  loss  for  nOn-SliiaLed  Conductor  or  completely  coupled 
Striated  mu  I  Li  filamentary  conductor  0,-  yL,  analytical  magnetization 
loss  for  decoupled  striated  multi ft E am c ntoi y  conductor  assuming 
isolated  filaments  Qf^j,  and  numerically  calculated  magnetization 
loss  for  decoupled  Striated  rnulLLlilamcnUiry  conductor  Q,  -  versus 
transverse  magnetic  Held  mu//,,,:  fa}  sample  NS.  (bl  sample  ST,  and 
(c)  sample  ST s,. 


=  10  nim,  wt  =  400  .u.m .  w  =  1 00  pn 


Figure  8.  Cross- sec ti M  ml'  sample  ST  or  Si's  tor  nnc -dimensional 
FEM  analysis, 


of  the  modelling  are  given  in  the  appendix.  Validation  of 
the  modelling  was  accomplished  by  comparing  the  calculated 
magnetization  loss  in  an  isolated  solitary  superconducting 
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Figure  9.  Magnetization  losses  al  2.02.  9.fi£.  JO, 3,  and 5625  m'T 
versus  frequency:  (i)  sample  NS,  (b)  sample  ST.  and  {c)  sample 
5Ts  Values  are  normalized  by  magnetization  loss  at  /  =  1 1  .1  Hz. 

strip  and  the  analytical  value  by  Brandt  and  lndcnbom.  The 
numerically  calculated  magnetization  lofs^  is  denoted  by  £>f.m 
in  Lhc  discussiun  be  low. 

tit  figure  7(a),  the  Qvl  of  sample.  NS  closely  follows  the 
analytical  plot  of  in  [he  large  field  region,  although  Qm 
deviates  from  Qc^  in  the  small  lie  Id  region.  Such  deviations 
have  been  reported  previously,  and  one  of  the  jKissiblc  causes  is 
a  non-uniform  lateral  Jc  disitibuticm  [hi.  It  is  important  lo  note 
that  the  Qm  of  sample  NS  is  almosi  frequency  independent. 
The  Qm  of  sample  ST  shown  in  figure  7(b)  is  much  smaller 
than  Qq  0]b  except  in  lhc  small  field  region  which  is  of  lesser 
interest  from  a  practical  point  of  view.  Although  frequency 
dependent,  it  is  rather  close  lo  QrM  al  f  -  I  1.3  IIz.  The 

of  sample  STs,  which  is  a  portion  of  sample  STL  is  even 
closer  to  Qi  ni  as  shown  in  figure  7(c).  I11  this  short  sample, 
the  frequency  dependence  in  Qlu  again  disappears. 

To  compare  the  frequency  dependences  in  £>m  for  the  three 
samples,  Qul  is  plotted  against  die  frequency  in  figure  9.  The 
Qm  of  sample  ST  shown  in  figure  9(b)  contains  a  substantial 
component  which  is  proportional  to  frequency,  while  those 
of  samples  NS  and  STs  aie  almost  frequency  indepeitde.nl. 
Even  around  11.3  and  25.1  Hz,  the  Qm  of  sample  ST  is 
frequency  dependent.  To  view  (he  frequency  dependent 
loss  component  of  sample  ST  from  another  perspective, 
lhc  incremental  changes  in  Qm  divided  by  the  incremental 
change  in  frequency  are  plotted  versus  in  figure  10, 

{&-  {Qm.lS.V  Hx  -  Q\*.l\.i  lfe)/C25  I  -  11-3),  (£2mL7l4  Hz  — 


t 


5 


AC  16^  tii  mull  i  III  jinutinjiy  VL-LCO  conductors 


Trafl&versfr  magnetic  rieW  v-  H  r  fffiTi 

Figure  10.  Incremental  changes  in  divided  by  the  incremental 
change  in  frequency,  i.e,  (Gm.j? .»  Mr  -  Gm.HA  hJ/(2J-!  -  n  ..Vi. 

]L!  —  Qm,\  I J  llz')/(72.'l  —  1 1 .3),  CGbJI]  ^  Hi  ~  fl^UJ  lh}/ 

11-3),  hi  -  Qm.H3  hJ/071,0  -  J  1.33  varans 

where.  ami/  is  at  f. 


e™,  1 1.3  HZ>/TO4-  1 1-3J.  f  G*. J  LL  J  H,  -  Grt.n.3  nJ/CllZ^— 
11.3),  and  (Qm.i7J.oni  -  Qb,ii.}Be)/(I7J.O  -  1L3),  where 
Qm  f  is  Lhe  at  /.  All  plots  collapse  to  one  line,  and 
the  values  arc  clearly  proportional  to  where  the 

proportionality  coefficient  L.94  x  I0-B  where  the  unit  of 
i±oHn\  is  mT.  Therefore,  the  magnetisation  loss  at  arbitrary 
frequency  and  magnetic  field  can  be  calculated  as 

Qm,/  =  1.94  x  10-®  fei„ H«f  (/  -  1  1.3)  +  Qm  ,].J  Hi,  {6} 


w here  the  u nit  of  losses  is  J  m  “ 1  eye  le  " 1 ,  and  the  unit  of  fi 0  fim 
is  mT.  The  combined  observation  that  the  frequency  dependent 
loss  component  is  proportional  to  both  f  and  as 

shown  in  figures  9{b)  and  10  strongly  indicates  that  this  loss 
component  should  either  he  a  coupling  loss  of  the  filamentary 
structure  or  an  eddy  current  loss  in  the  normal  conductor  rather 
than  a  hysteretic  loss  in  ihe  superconductor. 

The  eddy  current  loss  in  the  silver  protective  layer  of 
sample  ST  cart  be  calculated  with  the  following  equation  given 
by  Nam  joshL  and  Stringer  [20]: 


Qc.  ME 


- -tt  r 

Pa$ 


(7) 


where  Jm  y  =  WffAa/l2  (t Ag  being  ihe  thickness  of  the  silver 
protective  layer)  and  —  3.0  x  10-4  Q  m  at  77  K.  To 
properly  apply  this  equation,  W\/2  must  be  smaller  than  the 
skin  depth. 
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Substituting  3.0  x  10-?  Q  m  into  and  1,71.0  Hz  into  /  in 
equation  {B},  &  becomes  2.1  mm.  which  is  indent  much  larger 
than  Wi  f  l .  With  the  appropriateness  of  equation  ( 7)  confirmed, 
Qc.N3  is  determined  to  be  between  9.D  x  t0-ig  and  2.5  x 
10”*  J  m-L  cycle-1  for  =  ]  .21—64.5  mT,  and  US  Such  is 
much  smaller  than  the  difference  between  a  if  =  1 7 1.0  Hz 

und  Q\  f|l  as  shown  in  figure  7(b).  Therefore,  the  frequency 
dependent  component  in  the  measured  magnetization  loss  is 
not  a  result  of  eddy  current  losses  due  to  Lhe  silver  protective 
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Figure  11,  Normalized  [J- .  Lk-  ih  £>-.ti  ■  Qi.lu.  and  £h.n  versus 
nor  in  al  i  zed  1 1  iagn  die  '  c  id  .T  /  /  ii. I '  it.-.  =  /.  /tt  w,  ■  /L :  critical 
current,  trL  conductor  w  idth  I  (a)  Overall  view  and  (b)  enlargement 
to  compare  the  measured  Q-,  of  samples  ST  and  STs  with  Qm i0 
calculated  by  equation  :6l  and  Qi.^ 


layer  but  is  indeed  a  result  of  coupling  losses  of  t  he  filamentary 
structure. 

Next,  we  compare  Hie  measured  magnelizfttion  losses  of 
samples  NS,  ST,  and  ST s  to  Lleiermint:  lhe  effect  of  striadon  for 
AC  Loss  reduction.  Since  "he  critical  currenls  of  samples  NS 
and  ST  ire  unfortunately  different,  the  comparison  between 
the  absolute  values  of  their  measured  magnetization  losses  is 
meaningless.  Here,  equation  (2)  can  be  transformed  to  the 
follow-  ing  expression: 


Ci.sr 
where  =  £id  Hi 


/(£)!■ 


If  jt«|  is  normalized  by 

i^D  2 


CIO) 


and  is  plotted  agulnst  the  normalized  magnetic  field, 

this  normalized  loss  is  independent  of' the  critical  current.  Thi^ 

as  done  in  figure  I J  (a)  foe  the  measured  Qin  of  samples  NS.  ST, 
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Figure:  12.  Transverse  resistance  at'  short  pieces  of  Simple  ST  as, 
shown  in  figure  5  versus  temperature. 

and  S T ^  as  we  1 1  as  fbr  Qc  £[ ,  Qf  ej  ,  and  Q\  n  w here  /  =  I  l  3n 

72.4,  and  171.0  Hz.  Comparing  Qt ^  wLth  £^.  l3f.  it  is  expected 
That  the  magnetization  loss  should  be  reduced  by  sttMw  to 
4.3^  of  the  valve  al  H/Hre  =  &-3  and  /  =  11,3  Hz.  while 
the  measured  magnetization  losses  of  samples  ST  and  STs 
arc  respectively  K.y'ft  and  7.&%  of  that  of  sample  NS  at  these 
conditions.  Here,  since  the  magnetization  loss  of  sample  ST 
apparently  Contains  coupling  losses  even  ql  f  =  II  3  Hz, 
as  shown  in  figures  9(b)  and  10,  we  selected  the  Cin  at 
/  =  1 1.3  Hz,  where  i he  coupling  loss  is  minimal.  One  of 
the  possible  causes  for  the  difference  between  the  measured 
reduction  in  magnetization  loss  and  the  theoretical  expectation 
is  die  assumption  of  uniform  Jc  both  in  the  conductor  as  a 
whole  and  in  each  til  ament  Alternatively,  at  ihcsc  low  er 
applied  fields,  the  linear  proportionality  of  the  liysxeretLC  loss 
to  sample  width  is  not  perfectly  stringent  [2J],  Figure  1 1(b)  is 
in  en  I  argem  cot  of  fi  gure  1 1  ( a)  to  compare  the  m  easured  (2  m  of 
samples  ST  and  STs  with  the  (Jn-.o  calculated  by  equation  (6) 
and  <21tll  Qm-u,  which  is  the  magnetization  loss  of  sample  ST 
extrapolated  to  0  Hz.  fails  around  Hie  measured  Qm  of  sample 
STs,  yet  is  still  higher  than  £>f.n- 

JJ.  TffitiSversg  resixttinLn 

"The  electromagnetic  coupling  between  filaments  at  a  certain 
frequency  is  determined  by  the  transverse  resistance  in 
combination  with  the  twist  pitch  The  measured  resistances 
of  three  short  pieces  of  sample  ST  shown  in  figure  5  are 
plotted  with  respect  to  temperature  in  figure  12.  The 
measured  resistances  art  almost  temperature  independent. 
Al  &0  K.  the  average  value  of  the  measured  resistances  is 
13.3  m£3,  white  die  calculated  resistance  of  Lhe  Hastelloy 
SubSLnlLe  (4  rum  wide,  4  min  Song,  and  IQQ  j&tpi  ihickl 
is  15  mQ;  assuming  that  the  resistivity  of  Haste) loy  is 
3.5  ^£2  m  and  tempemture  independent  The  fact  that 
the  measured  resistance  (13 .3  m£2)  Ls  rather  close  to  the 
calculated  resistance  of  tlie  substrate  (15  m£2)  suggests  that 
Lhe  segregated  YSZ/YBCO/Ag  filaments  may  not  be  connected 
through  redeperited  material  with  low  resistivity  (as  a  result 
of  stnating  by  laser  ablation).  As  such,  we  will  assume  the 
electrical  circuit  mt  Kiel  in  Lhe  Irans  ve  rsc  di  reel  i  on  of  the  .stri  ated 
conductor,  as  shown  in  figure  13'  R* \  is  the  resistance  of  the 
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Figure  13.  Electrical  circuit  mode  1  In  rh^  transverse  direction  of  the 
Striated  COnduCTOi'  (cru&ii-sKt  lonal  view). 


substrate  below  the  filament,  which  is  3.5  n\Q  assuming  it  io 
be  0.4  mm  long.  A\:  Is  the  resistance  of  the  substrate  below 
the  groove,  which  is  0.3 U  m£2  assuming  iL  lob*  0  I  mm  long, 
and  Ri  is  the  resistance  of  the  YSZ/YBCO/Ag  layer  of  the 
filament  that  Is  zero  below  Then  the  resistance  of  groove 
R£t  which  is  calculated  from  the  measured  resistance  of  the 
short  samples,  is  4.5  m£2,  with  the  assumption  that  lies 
between  ihe  filament  and  substrate,  as  shown  in  figure  13. 
In  this  model,  (he  transverse  resistance  between  filaments, 
Rp  +  R..2  +  K„.  is  9.4  for  Lhe  4  mm  of  ;li  laments 
for  1  mi  of  filaments  i .  The  transverse  resistance  between 
filaments  becomes  even  larger,  if  we  assume  a  lower  value  for 
the  resistivity  of  Haste! Joy,  for  example  1 .4  because  R^ 

becomes  larger. 

Eased  on  litis  transverse  resistance,  a  very  rough 
estimation  of  the  coupling  length  tv  is  made  using  a  simple 
model  where  two  superconductor  slabs  are  connected  hy  a 
normal  conductor  [22J: 


4=4 


!  ifrl: 

v  dtf/df 1 


on 


where  a  is  the  half  width  of  the  superconductor  slab,  and  p  Is 
the  resistivity  of  the  normal  conductor.  If  we  assume  that  the 
E  .4  /.cm  thick  space  Lu  the  groove  between  YBCO  fi  laments  is 
completely  filled  wiih  a  conducting  material  whose  resistance 
iy  9.4  mfi,  iis  resistivity  is  0.53  ttQ  m.  Substituting  the 
following  parameter^  into  equation  (IE), 

a  =400  x  10^/2  =  200  x  Hr(s  m,  (1 2) 

P  =  0.53  x  JO-'1  ft  m,  { i  3) 

Jc=  (]  ]0/20)/(l.4x  10'  6x40)xl(r(1)  =  9.8  x  I0g  A  m-:. 

(14) 

dB/dt  *=2wfBm,  B,„  =  50  x  KT3  T,  (15) 

then  4  is  2,2,  0.86,  and  0,56  m  for  /  =  11.3,  72.4,  and 
171,0  Hz.  respectively,  These  values  ate  much  larger  than 
the  length  of  sample  ST  (0.J  m).  This  estimation  suggests  that 
the  filaments  in  sample  ST  are  far  from  'completely  coupled' 
or  "saturated’  even  at  I7L.0  Hz.  This  is  consistent  with  the 
observation  (hat  the  (2m  of  sample  ST  is  much  smaller  than 
{2c.ui  or  the  ,(2m  of  sample  NS  in  figures  7(h)  and  3  3(a). 


4.  Conclusions 

The  magnetization  loss  of  a  striated  multi  filamentary  YBCO 
coated  conductor  and  that  of  a  non -stria Led  reference  YBCO 
coated  conductor  were  measured  in  AC  transverse  magnetic 
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fields  normal  lo  ihe  conductor  at  various  frequfiricifcs.  The 
conductor  and  I"l] aments  were  10  mm  wide  and  0.4  mm  wide, 
respectively.  A  substantia]  reduction  in  Lhe  mqgnetiZ-iition 
loss  by  striation  was  demonstrated  successful  I  y — the  measured 
magnetization  loss  of  the  100  mm  striated  conductor  was  less 
I  hart  99w  oflbe  measured  loss  of  the  non- striated  conductor  at 

/  —  11,3  Hz  and  H/H^  =  £.&  (Ha  =  Lfxwzi  /<=:  critical 
current,  u\::  conductor-  width).  lire  100  mm  sample  simulated 
a  half  pitch  of  a  multifi lamentary  VBCO  coaled  conductor  wdh 
a  twist  pitch  of  200  mm.  The  measured  magnetization  loss 
of  the  striated  conductor  conlains  a  coupling  loss  component, 
which  is  proportional  to  the  frequency  and  to  the  square 
of  the  magnetic  field  amplitude.  The  transverse  resistance 
between  filaments  estimated  by  a  four-probe  measurement 
was  33  }tQ  for  1  m  The  estimated  coupling  length  based 
on  this  transverse  resistance  is  much  longer  than  the  sample 
length  even  at  171.0  Hz.  This  suggests  that  the  filaments 
an  the  striated  sample  urc  fur  from  ' completely  coupled’  or 
‘saturated' .  This  is  consistent  with  the  observed  AC  loss 
reduction  by  striation,  even  if  the  measured  AC’  loss  contains 
a  coupling  loss  component  A  greater  reduction  of  AC  loss 
ai  higher  frct|ucncicSv  mainly  a  reduction  of  the  coupling  loss 
component,  is  expected  by  increasing  the  transverse  resistivity 
and/or  decreasing  the  twist  pitch,  ft  is  important  to  note 
that  limitations  on  the  minimum  twist  pitch  of  VBCO  coated 
conductors  will  exist  due  to  their  width  and  bend  strain  criteria. 
Tn  this  regard,  increasing  the  transverse  resistivity  might  be  a 
more  practical  means  for  a  greater  reduction  of  AC  loss. 

Acknowledgments 

This  work  was  Supported  by  the  Air  Force  Office  of  Scientific 
Research  under  contract  No.  AOARD-Q3-4D3 1 .  The  authors 
would  like  to  (hank  N  Enomoto  of  Yokohama  National 
University  for  his  assistance  on  computations  of  AC  loss.  Work 
by  GAL  was  performed  while  holding  a  National  Research 
Council  Senior  Research  Associates  hip  Award  at  the  Air  Force. 
Research  Laboratory. 

Appendix,  Elect  mm  agnetic  field  analysis  by 
oiie-duneusionnl  TEM  1 19] 

Consider  the  temporal  evolution  of  the  current  distribution  in  Cl 
very  th  i  n  and  i  n  fini  tely  long  coated  conductor.  Id  rst.  we  defi  ne 
a  current  vector  potential  T,  where 

J  =  V  x  T.  (A.  1 ) 

We  then  assume  a  one-dimensional  model  across  the  coated 
conductor.  The  current  component  normal  to  the  conductor  IS 
neglected,  end  only  the  magnetic  held  component  normal  to  the 
conductor  is  taken  into  account.  From  Maxwell's  equations, 
the  governing  equation  can  be  derived  as 

_  —  -L  -  -JL  [  1  —  ■  \ 

rly  3y  tit  \  2jr  J  y  -  y(  FJy  '  /  i'tf 

(A,2) 

where  p  is  the  equivalent  resisdvity  derived  from  equation  (5) 
to  icpresenl  the  superconducting  characteristic  of  the  coated 
conductor,  T  is  the  current  vector  potential  which  is  normal 
to  the  conductor,  h  is  the  thickness  of  the  conductor,  and  Bn 


is  the  extern  ally  applied  magnetic  field  component  which  is 
normal  to  the  conductor.  The  first  term  on  the  right-hand  side 
of  equation  (A.  2)  is  the  contribution  of  Lbu  self  magnetic  field. 
p  is  given  as 


A  system  of  nonlinear  equations  cart  be  obtained  from 
equation  (A .2)  by  the  finite  element  method  and  is  solved 
iteratively  by  a  relaxation  method. 
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